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The performance of a multireference CISD method, GBD, is compared to that of other
approaches which include a large degree of electron correlation, including Brueckner methods. The
CISO TQ] method selects as references all single and double substitutions within an active orbital
space. Certain triple and quadruple substitutions from the Hartree—Fock reference are included in
the CISOTQ] wave function as singles and doubles from the selected reference set. This wave
function has previously been shown in simpler cases to provide results near to those predicted by the
configuration interaction wave function, including all single, double, triple, and quadruple
substitutions(CISDTQ). For the challenging multireference case of ozone, the CIS wave
function yields geometries and harmonic vibrational frequencies with an accuracy similar to the full
CCSDT method. These promising results suggest that for difficult multireference problems the
CISOTQ] wave function provides an efficient and accurate approach for approximating the
complete CISDTQ. ©1997 American Institute of Physid$S0021-960807)02745-1

I. INTRODUCTION forms of MBPT were found to be inadequate in their descrip-
tion of ozone. The worst case example is the 117% error in
The potential energy surface and harmonic force field othe b, stretching frequency predicted by MBEJ. The CC
the ozone molecule has received a great deal of attention imethods, on the other hand, performed very well. Stanton
recent years; due to its central role in atmospheric chem- et al?2 determined that the coupled-cluster singles and
istry. The electronic structure of ozone can be viewed as tw@oubles(CCSD method correctly predicts the ordering of
single O—O bonds plus two singlet-couplettlectrons, one  the ozone stretching vibrational frequenciééThe symmet-
on each terminal oxygen atom. This leads to an electronigic force field of ozone can be brought into relatively good
ground state dominated by two configurations; namelyagreement with the experimental frequencies by using
[core . . .]4b56a51a3 and a low-lying doubly excited con- MBPT(4), CCSD, or CC methods which include the effects
figuration, [core . . .]4b36a52b3. The important role of of triple excitations. However, the antisymmetric stretching
higher-order excitationgi.e., triples, quadruples, ejcand  frequency fluctuates very widely depending on the various
nondynamical correlation is manifested in the first- andapproaches for induding trip|es excitations in the CCSD
second-order molecular properties. To elucidate the multirefyave function.
erence character of ozone, quantum chemists have applied |ee, Allen, and Schaef&temployed the TCSCF-based
several theoretical methods to obtain equilibrium geometriessonfiguration interaction singles and doubf@€SCF-CISD
dipole moments, and harmonic vibrational frequencies.  wave function, and obtained improved results relative to the
In a previous theoretical study, Yamaguehial”’found  sCF, TCSCF, and single-reference CISD methods. However,
that the two-configuration self-consistent-fidliCSCH de-  the incorrect ordering of the stretching vibrational frequen-
scription of G yields an equilibrium structure in closer cjes remained even at this level of correlation. leteal?*
agreement with experiment than that given by the singleronsidered the effects of larger basis sets on the TCSCF-
determinant spin-restricted Hartree—Fo@RHF) method.  c|SD method and found the ordering of frequencies re-
However, the TCSCF approach incorrectly predicts the antimajned in error. Therefore, it was determined that an inad-
symmetric b,) stretching frequency to be larger than the gquate treatment of electron correlation was the major cause
symmetric @;) stretching vibrational frequency. An earlier of the discrepancies in the computed i@quencies relative
complete-active-space self-consistent-fi6tASSCH study o experiment. This conclusion was reinforced by the study
by Adler-Goldenet al?! obtained harmonic vibrational fre- o scuseriaet al24 on the comparison of the two-reference
quencies lower than the experimentally determined harmonig)|sp method to the single-reference CCSD method. Scuse-
frequencies, but with the correct ordering of the stretching;i ¢t al,?* using a TZ2P basis, found that the CCSD method
frequencies. _ outperformed TCSCF-CISD with respect to the predictgd O
The performance of many-body perturbation theoryyiprational frequencies. This was an unexpected result at the
(MBPT) and coupled-clustefCC) methods, as applied t0 (ime since the single-determinant reference used with the
ground state § was investigated by Stanten al** Several  ccsp wave function does not contain a complete descrip-
tion of the biradical character of ozone. The failure of the
d3amuel Francis Boys Graduate Fellow. TCSCF-CISD method in even the qualitative prediction of
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the vibrational frequencies of this system points toward thehe external subspace was chosen to be all nonvalence virtual
need for the inclusion of triple and quadruple substitutionsprbitals. The three oxygensilike occupied HF orbitals were
which are partially treated in the CCSD wave function. frozen for all computations. Therefore, all single and double
In this study the performance of the CIBID] method substitutions from the Hartree—Fock reference as well as a
on the ground state of ozone is compared to previous studidenited number of triple and quadruple substitutions, in
including a large degree of electron correlation. Thewhich at most two electrons are allowed in the external sub-
CISDTQ] wave function was introduced by Sae¢al. in space, were included in the CI space. The resulting configu-
19822 This method is a multireference CISIMR-CISD) ration space included 117 references and yields 2 086 312
defined by partitioning the orbitals into inactive, active, andconfiguration state functions i6,, symmetry and 219 ref-
external subspaces. An inactive orbital remains doubly occuerences and 4 170 855 configuration state function€Jn
pied in all references, an active orbital may change occusymmetry. This represents a drastic reduction from the
pancy within the set of references, and an external orbitab3 167 048 C,,) or 106 323 719 C.) configuration state
remains unoccupied in all references. The AIBR] method  functions in the complete CISDTQ wave function. The or-
selects the references in arpriori fashion as all single and bitals used are the natural orbitals from a TCSCF-CISD pro-
double substitutions within the active subspace. All singlecedure in which the two dominant configurations are chosen
and double substitutions from this selected set of referencess references.
are included in the CIS[DTQ] wave function. Equivalently, Geometries and harmonic vibrational frequencies were
all single and double substitutions from the Hartree—Fockdetermined via single point energy computations byrtsit
reference are allowed, as well as selected triple and qugrogram package using the shape-driven graphical unitary
druple substitutions in which at most two electrons are al-group approach for the CISOTQ] wave function, and by
lowed in the external subspace. This method has previouslihe ACES Il program systefit for the Brueckner-based CC
been shown by Grev and Schaéfero greatly reduce the results. Geometries were optimized with@,, symmetry
size of the CI space while retaining the accuracy of the comwith numerical gradients computed from five energy points
plete CISDTQ and second-order (3OC)) wave functions along each internal coordinate for the CISI®] wave func-
for molecular systems dominated by a single-reference cortion and three energy points along each internal coordinate
figuration. A follow-up study of six-electron model systems, for the Brueckner-based CC wave functions. Residual inter-
as well as HO, by Fermanret al?’ reinforced these conclu- nal coordinate gradients were less than &th atomic units.
sions. The CISPrQ] and SOCI methods can be expressedFor the antisymmetric displacements using the GIBD|
as a restrictive active space (RASCI), and therefore ben- wave function, the two active orbitals in the TCSCF become
efit from the developments of Olsat al?® the same symmetry. Hence, it was necessary to utilize the
The special treatment of the active subspace warrants tfBCFX method®* to carry out the TCSCF optimization of
use of good correlating orbitals. Grev and Sch&éfaave  the molecular orbitals.
shown that the SOCI energies based on CISD natural orbitals The double¢ plus polarization(DZP) basis set is the
(NO's) are in excellent agreement with the CASSCF-SOClIstandard Huzinaga—Dunnity® doubled (9s5p) aug-
energies. The CISD NO'’s represent an effective way of obmented with a set of six Cartesiaitype polarization func-
taining good correlating orbitals. Since the orbitals computedions on each oxygen atopay(O)=1.2117] for a total of 48
from a CISD NO procedure are ordered according to popubasis functions. The exponent for tlietype polarization
lations, substitutions which include an electron in a low oc-functions was chosen to enable a direct comparison with the
cupancy orbital will not contribute significantly to the en- work of Wattset al3’
ergy. Thus, the natural orbitals are well suited for truncation
of the one-particle basis set. An additional advantage is that
the CISD NO'’s are less expensive to compute than CASSCIHI' RESULTS AND DISCUSSION

orbitals. The performance of selected reference MR-CISD and
Recently, our group reported the excellent performanc& ASPT2 on the equilibrium structure of ozone was explored
of the CISOTQ] wave function for the equilibrium geom- by Borowskiet al® Their results indicate that any multiref-
etry and harmonic vibrational frequencies o£®° and  erence approach needs a large reference space in order to
H,S 3 We find that for a multireference case such as 0zonegccurately compute the molecular properties gf The ref-
the CISOTQ] wave function yields geometries and har- erence space used in the present study is over four times the
monic vibrational frequencies with the accuracy approachingargest reference space utilized in the study of Borowski
that of very high level coupled-cluster methods which fully et al 38 However, the number of substitutions included in the
include triple substitutiong.e., full CCSDT). CISD[TQ] is still only 4% of the substitutions necessary for
the complete CISDTQ.
Even with its modest size the CI$DQ] wave function
Il. THEORETICAL METHODS has been shown to predict energy differences, geometries,
and harmonic vibrational frequencies in excellent agreement
A CISD[TQ] wave function was employed with the ac- with the complete CISDTQ wave functiéfi?’2°3 The
tive space chosen to include all occupied valence orbitals an@ISD{TQ] predictions for the equilibrium geometry and har-
the valence virtual orbital§.e., 7a;, 2b;, and %,), while  monic vibrational frequencies of ozone are given in Table I.
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TABLE I. Equilibrium geometry and harmonic vibrational frequenéiaisthei 1A, state of ozone with a DZP

basis.
Method Reference re(A) 4(deq) 1(ay) wo(a;) w3(by)
1R CISD? 23 1.247 117.7 1389 783 1565
2R CISD? 23 1.271 116.2 1234 745 1352
CASSCP 21 1.296 116.5 1098 689 989
CCsD 2 1.263 117.4 1256 748 1240
B-CCD This work 1.260 117.3 1264 756 1302
ccsOoT) 37 1.287 116.8 1129 703 976
B-CCD(T) This work 1.288 116.8 1127 703 1097
CCSDT 37 1.286 116.7 1141 705 1077
CISDTQ] This work 1.281 116.7 1166 716 1138
Experimenit 43, 44 1.272 116.8 1135 716 1089

®Frequencies in ci.
PExponent of polarization functions differs from present study.
‘Experimentally determined harmonic vibrational frequencies.

The predicted equilibrium bond length is within 0.009 A of results. For a series of diatomic molecules, Scuseria, Hamil-
the experimentally determined value, while the bond angle ison, and Schaefé found the full CCSDT method to give
accurate to 0.1°. The harmonic vibrational frequencies argood agreement with the complete CISDTQ method. Hence,
predicted to an average accuracy of 27 érf2.4%), with the  for the purpose of this study, we will assume the CCSDT
difficult b, stretching frequency predicted to an accuracy ofpredictions represent the most accurate results within a DZP
49 cm'! (4.5%). This is a sizeable improvement over the basis set and compare the other methods accordingly.
113cm! (10.4% error in the CCSDT) predicted b, The CISOTQ] wave function predicts equilibrium ge-
stretching frequency. The remaining errors in the theoreticabmetries to within 0.005 A in the bond length and matches
predictions are due in part to incompleteness in the basis sehe CCSDT bond angle. The predicted harmonic vibrational

As reported by Kobayashi, Amos, and Harfdy! the frequencies are in agreement between the two methods to an
Brueckner-based CC methods yield promising results if thewverage of 32 cmt (3.2%. The difficult antisymmetric
wave function includes an approximation for connectedstretching frequency is predicted by CISI] to differ by
triple excitations. The DZP basis set utilized by Kobayashi61 cni? (5.7% from the CCSDT result. As previously re-
Amos, and Hand§®*! and that used in the current study, ported in the literaturd’“%#! the coupled-cluster based
differ in the choice of orbital exponent for the polarization methods, which include a perturbative correction for triples,
functions. In order to make direct comparisons, the DZP bayield an accurate prediction for the difficult harmonic force
sis set described herein was used in conjunction with théield of ozone. A comparison of the CC8D and B-
Brueckner-based CC methods and the results reported @CD(T) approaches reveals that the inclusion of orbital re-
Table I. The B-CCDT) approach predicts an equilibrium laxation effects leads to a significant improvement in the
bond length which deviates from the experimental value bypredicted antisymmetric stretching frequency af O
0.016 A, while the bond angle matches the experimentally ~The results of this study suggest that the CIBQ]
determined value of 116.8°. The harmonic vibrational fre-wave function is capable of obtaining accurate potential en-
quencies are predicted to within 10 th(1.1% of the ex-  ergy surfaces while drastically reducing the size of the ClI
perimental harmonics, with the antisymmetric stretch only(CISDTQ) space. The computational cost of the C[3D]
8 cm * (<1%) from the experimental value of 1089¢cln  method has been discussed previod8lynd is approxi-
Since the B-CCD method is outperformed by CQED it mately O%V*4, whereO andV are the number of occupied
appears that for the coupled-cluster methods the inclusion afnd virtual orbitals, respectively. This estimate agrees with
the connected triple terms is more important than the choicéhe N,0?V* scaling for a multireference CISD, whekg is
of molecular orbitals for the reference determinant. the number of references.

The highest level theoretical results to date are those of Recent research has explored a more cost efficient way
Watts, Stanton, and Bartlett.The full CCSDT method, with  of treating this MR-CISD methotf3° If CISD NO'’s are
a DZP basis, predicts the harmonic vibrational frequencies afised, the triple and quadruple substitutions which include an
O3 to within 1% of the experimental harmonic values. Thiselectron in a low occupancy orbital may be neglected from
result is somewhat fortuitious since there are significant disthe CISOTQ] wave function. The resulting wave function,
crepancies between the CCSDT predicted and experimetabeled split-virtual(SV) CISD[TQ], has been shown to re-
tally determined bond lengths due to the relatively small sizedluce the number of configurations in a CIS®Q] wave
of the DZP basis set. function with little loss in accuracy’ Because the SV-

Considering the absence of full Cl results and higherCISDO{TQ] method is no longer a MR-CISD, the number of
angular momentum functions in the basis set, it is difficult totriple and quadruple substitutions becomes less than the
compare the various correlated methods and conclude withumber of singles and doubles in the limit of large basis sets.
any certainty which approach is producing the most accuratelence, the computational cost of the SV-C[$R)] is not
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